Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining the data needed, and completing and reviewing this collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for reducing this burden to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA 22202-4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to comply with a collection of information if it does not display a currently valid OMB control number. PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS. 
Introduction
When in orbit, spacecraft require on-board or secondary propulsion systems to perform orbit transfer, orbit maintenance, and attitude control maneuvers. An important issue in the use of any spacecraft propulsion system involves the assessment and reduction of effects caused by the interaction between the thruster plume and spacecraft surfaces [1] . Direct impingement of a thruster plume on surfaces can generate unwanted torques, localized surface heating, and surface contamination. Self impingement (i.e. the impingement of a thruster plume on a host satellite surface) generally occurs for small surface angles with respect to the propulsion system's thrust vector or occurs in the thruster backflow. Cross impingement (i.e. the impingement of one spacecraft's thruster plume onto another spacecraft) can occur at essentially any angle and is becoming increasingly important with the advent of microsatellite constellations. Many studies, both numerical [2] - [4] and experimental [5, 6] , have been performed by various investigators to assess the impingement of plumes onto surfaces.
In recent years, micropropulsion systems have been developed to address the need for highly mobile microspacecraft. A wide array of concepts will require the expansion of propellant gases through microscale nozzles. Because many micropropulsion systems will also operate at relatively low pressures, the investigation of low Reynolds number flow has become increasingly important [7] . In the present study, an experimental and numerical effort has been developed to assess the effects of a nozzle plume impinging on a simulated spacecraft surface. Special attention is paid here to the impact of roughness on surface forces and flowfield structure.
The nozzle flow impingement is investigated experimentally using a nano-Newton resolution force balance and numerically using the Direct Simulation Monte Carlo (DSMC) numerical technique. The purpose of this work is to extend previous nozzle plume impingement results [5] to the low Reynolds number flow range for application to micropropulsion systems. The Reynolds number range investigated in this study is from 2 to approximately 600, based on the nozzle throat.
Experimental Setup
All thrust measurements were performed on the nano-Newton thrust stand (nNTS), which has been described in detail by Jamison et al. [8] The nNTS was installed in Chamber IV of the Collaborative High Altitude Flow Facilities (CHAFF-IV), which is a 3-m-diam 6-m-long cylindrical, high vacuum chamber. The facility was pumped with a 1-m-diam diffusion pump with a pumping speed of 25,000 L/s for molecular nitrogen. The ultimate facility pressure was approximately 10 −6 torr with all operational pressures below 10 −4 torr. A previous study [9] has shown that at these background pressures and corresponding thrust levels there is no evidence of background pressure effects on the thrust measurements in CHAFF-IV.
The conical De Laval nozzle used in this study is shown schematically in Fig. 1 . The conical nozzle was scaled from the geometry used by Rothe [10] . The scaled Rothe geometry has a 30-deg subsonic section, a relatively sharp 1-mm-diam throat with radius of curvature rc = dt/4, a 20-deg diverging section, and an expansion ratio of 62.4. This geometry was selected because of the extensive experimental data that exists, which was previously used to verify the DSMC model's accuracy [11] . The nozzle was machined from aluminum and attached to a cylindrical aluminum plenum and mounted on the nNTS. Figure 2 shows a scanning electron microscope image of the nozzle side wall, where the surface features caused by the machining process are clearly evident. The effect of the rough diverging section walls on the nozzle's performance parameters will be investigated in the following sections.
After the free expansion thrust was measured, aluminum engineering surfaces with different surface roughness were attached to the thrust stand in the configuration shown in Fig. 1 . The following three surfaces were used: (1) a electropolished flat surface (called smooth hereafter), (2) a surface with triangular (prism-like) grooves perpendicular to the plume axis, and (3) a surface with rectangular grooves perpendicular to the plume axis. The grooves are equally spaced, and the spacing is 0.005 m. The angle of triangular grooves is 90 deg, and the depth of rectangular grooves is the same as their thickness of 0.05 cm. The length of the plate (plume direction) is 3 cm, and the width is 3.81 cm. The grooves are made only in the region downstream from the nozzle exit plane (2.45 cm long).
The total force measured on the nNTS for this configuration is given by
where F th is the thrust produced by the nozzle in the absence of the plate, F s is the incident shear force on the plate (acting in the opposite direction as the thrust force), and F b is the force exerted on the plenum wall due to gas pressure in the backflow. The angle of the plate was varied from 0 to 10 deg. The surface temperature was held constant throughout at 300 K. The propellant was introduced to the plenum through an adjustable needle valve located downstream of a mass flowmeter. In the experimental configuration, the mass flowmeters were operated in the continuum regime throughout the pressure range investigated. The propellant used was molecular nitrogen. In this study, the stagnation pressures ranged from several about 0.1 torr to approximately 17 torr for both propellants, and the stagnation temperature was measured to be 300 K. The combination of stagnation pressure and temperature gave maximum Reynolds numbers of 350.
Numerical Method
Three geometric configurations have been considered in the computations. First, the nozzle expansion into a vacuum has been modeled. The experimental nozzle geometry has been used for for several stagnation pressures ranging from 18 to 1800 Pa. Second, the interaction of the nozzle plume with the inner part of a hollow cylinder aligned along the nozzle axis is modeled. The inner cylinder surface is considered as macroscopically smooth and rough with surface roughness specified as triangular and rectangular grooves perpendicular to the nozzle flow direction. The inner diameter of the cylinder varied from the nozzle exit diameter d n,e = 0.79 cm to 2.79 cm. Finally, a 3D interaction of the nozzle plume with a plate, smooth and rough, is simulated. The computational geometry included the nozzle with the external side of the plenum and the plate which size and location correspond to the experimental setup.
The DSMC-based software system SMILE [12] was used in all DSMC computations. The important features of SMILE that are relevant to this work are parallel capability, different collision and macroparameter grids with manual and automatic adaptations, and spatial weighting for axisymmetric flows. The majorant frequency scheme was used to calculate intermolecular interactions. The intermolecular potential was assumed to be a variable hard sphere. Energy redistribution between the rotational and translational modes was performed in accordance with the Larsen-Borgnakke model. A temperature-dependent rotational relaxation number was used. The reflection of molecules on the surface was assumed to be diffuse with complete energy and momentum accommodation.
All walls were assumed to be at a temperature of 300 K, except where specified otherwise, and the propellant gas is nitrogen at a stagnation temperature of 300 K. A background pressure of zero was assumed in all calculations. In the first series of computations (nozzle plume expansion into a vacuum) the computational domain included a part of the plenum large enough to avoid the impact of the domain size on the results, and the total number of collision cells and molecules was about 400,000 and 4 million, respectively. For the axisymmetric interaction of a plume with a hollow cylinder these numbers were 1.5 and 8 million, respectively. The three-dimensional plume-surface interaction was modeled using a starting surface at the nozzle exit, generated using an axisymmetric solution of a nozzle plume expansion. An elliptic distribution function was used for inflow molecules. The number of simulated molecules and cells was about 20 million and 3 million, respectively.
Nozzle Surface Roughness
A close examination of the surface structure inside the actual nozzle manifested a very rough, groove-like structure, as illustrated in Fig. 2 , with micron-size grooves set out perpendicular to the main flow direction. The evident surface roughness prompted the authors to numerically study the effect of roughness inside the nozzle on the nozzle thrust. To this end, axisymmetric DSMC computations were performed for a rough surface of the diverging part of the nozzle, assumed to have a regular triangular, saw-tooth structure with the triangle angle of 90 deg, and the distance between the triangles of 10µm. The diffuse model of reflection with full energy and momentum accommodation was used on triangle surfaces. A total of more than 1,000 was used, and the results are compared with those obtained for a flat diffusely reflecting surface (called "smooth" hereafter).
The comparison of number density fields inside a rough and a smooth nozzles is presented in Fig. 3 for the smallest chamber pressure considered, P 0 = 18 Pa. The figure also illustrates the geometry of the nozzle and the computational domain. The results show that the influence of the surface roughness in the diverging part propagates into the plenum, and the density for the rough surface is about 10% lower than the corresponding values inside the smooth nozzle. This is easily explained by the fact the the flow is subsonic in the most part of the nozzle, and becomes supersonic only near the exit. The difference between rough and smooth is larger near the surface than at the centerline, and amounts to almost 20% at the nozzle lip. The larger density for the rough case is explained by a significant amount of molecules reflected on the windside of the triangles and traveling toward the throat.
The molecules reflected on the windside of triangles increase density and decrease axial velocity in the diverging part of the nozzle. This decrease in axial velocity, however is compensated by the contribution molecules reflected on the triangle lee sides, that on average are reflected in axial direction. The combined effect of these two trends results in a small influence of the surface roughness on the axial flow velocity fields, as shown in Fig. 4 . Although there is a visible difference near the nozzle surface, with the rough case values at the surface being lower by over 50m/s, the profiles at the nozzle exit are close.
The quantitative impact of the surface roughness inside the nozzle on the flow properties is given in Table 1 , where the nozzle performance properties are shown for three plenum pressures. As expected, the effect of roughness is maximum at the lowest pressure, with the rough case mass flow being over 12% lower than the corresponding smooth case. Since the axial velocity at the nozzle exit is weakly affected by the surface roughness, the thrust force is also about 12% lower, and the specific impulse does not change with roughness. For a ten times larger pressure, P 0 = 180 Pa, the surface roughness causes only a 3% decrease in the mass flow and, again, practically no change in the specific impulse. At an even higher pressure of 1,800 Pa, no visible influence of the nozzle roughness was found.
The conclusion from these computations is that the surface roughness in the nozzle impacts mostly the density fields; its effect on the axial velocity is much smaller. Correspondingly, the mass flows is significantly reduced by the surface roughness only for throat-based Reynolds numbers of about unity or lower, when the subsonic region occupies large part of the diverging part of the nozzle. The surface roughness was found to have little effect on the specific impulse. All this also shows that the experimental data on plume and surface forces shown below as function of the mass flow rate is not affected by the nozzle surface roughness.
Axisymmetric
Plume-Surface Interaction
The study of the plume-surface interaction with different roughness structure has been started with an axisymmetric nozzle-hollow cylinder geometry. The axisymmetric geometry was selected due to the relative simplicity of the flow as well as numerical effi-ciency compared to a 3D plume-surface interaction. A plume from the nozzle is directed into a cylinder with the axis coinciding with the plume axis, and a diameter varying from d n,e to d n,e + 8 mm, where d n,e is the nozzle exit diameter. A plenum pressure of 1800 Pa was used in all calculations presented in this section. The first configuration considered is shown in Fig. 5 , where the pressure fields are given for a smooth (diffuse reflection) and rough (triangular roughness shape) cylinders. The larger distance between the triangles of 0.001 mm was used for the roughness characteristic size to be on the order of or larger than the gas mean free path. Note that the starting surface was used in these computations, with the inflow boundary located in the middle of the diverging part of the nozzle, and the inflow parameters taken from the full nozzle modeling with a smooth surface.
The most important conclusion here is the surface roughness does not have a pronounced effect on gas pressure. Pressure is one to three percent high for the rough case, with qualitatively the same flow structure. Initially, the pressure drops in the nozzle. Then, there is a pressure increase in the center of the cylinder part due to the formation of the viscous layer at the cylinder surface. Even a smaller difference between the rough and smooth cases is observed for the axial flow velocity fields presented in Fig. 6 . Although there is a minor difference near the surface, with the velocity somewhat lower near the rough cylinder, the velocity near the axis is practically not affected by the surface roughness.
This behavior is similar to that inside the nozzle shown in the previous section. The molecular explanation of this effect given for the low-pressure gas flow inside the nozzle is however not applicable for this case of a relatively high pressure. The gas mean free path inside the cylinder is about 10 −4 m, which corresponds to the roughness size based Knudsen number of about 0.1, and the cylinder diameter based Knudsen number of about 0.01. The flow is therefore nearcontinuum; the gas stagnates inside the triangular cavities of the rough surface, and acts as a pseudosurface in terms of flow development. As a result, the cavities do no significantly affect the flow. This is also illustrated in Fig. 7 where the pressure fields are shown for rectangular and triangular roughness shapes. The roughness shape does not impact the flow, and the determining factor in this case is the minimum cylinder diameter and not the roughness type. The results do no change when deeper cavities are used for the rectangular roughness shape.
The next configuration considered is that with a larger diameter of the cylinder, d n,e + 8 mm. In this case, the density inside the cylinder is significantly smaller, and the cylinder diameter based Knudsen number is about 0.1. The pressure and axial velocity fields for the larger cylinder diameter case are shown in Figs. 8 and 9 . There is a local pressure maximum inside the cylinder, although less pronounced than for the smaller diameter of the cylinder. The flow inside the nozzle is weakly affected by the cylinder. Most important, the gas pressure is not influenced noticeably by the surface roughness. The axial velocity is also not affected by the roughness.
In order to understand the effect of the surface roughness that might be obtained in the experimental setup used in this work, it is necessary to compute axial forces on the cylinder, and compare them to the thrust forces from the nozzle. The computed values of the axial force for three different diameters of the cylinder are listed in Table 2 . Here, d is the difference between the cylinder and nozzle exit diameters. The total axial force on the cylinder is comparable with the thrust force of 0.178 × 10 −2 N. The difference between the smooth and rough surfaces is small, though. It is within the statistical error of the computations for d = 0, and slightly increases for larger cylinders. However, even for d = 8 mm it amounts to about percent of the total nozzle thrust, making it practically impossible to characterize experimentally.
The computations were performed up to d = 20 mm, when the gas mean free path near the surface is significantly larger than the roughness size; no considerable effect of roughness on the axial force was found. This is somewhat counter-intuitive: although the incident plume particles have same contribution to the axial force both for smooth and rough surfaces, the reflected molecule contribution on rough surface is expected to be a finite number, compared to zero for the smooth surface. The small difference between rough and smooth surfaces in the near-free molecular regime is because for the cylindrical geometry many molecules that reflect from the surface collide with the opposite side of the cylinder. Among all particles that collide with the surface, the number of particles that experience such multiple reflections is greater than those that come directly from the plume, and therefore the effect of surface roughness is minimized.
The effect of multiple reflections of particles on the surface decreases with the decrease of the cylinder length. The axial force values for a plume impinging on a short cylinder of a length 5 mm given in Table 2 show that there is a 12% difference between the smooth and rough cylinders. The absolute magnitude of this difference is small compared to the nozzle thrust force, though. This makes the shorter cylinder case difficult to examine experimentally. The pressure field for the shorter cylinder is presented in Fig. 10 . Pressure inside the cylinder is noticeably higher for the rough cylinder. The difference in flow velocities is smaller than that in pressures, though.
The computations were also performed for an elevated surface temperature inside the cylinder, and showed that the smooth/rough surface difference increases with temperature. For a surface temperature of 600 K the axial force on the rough cylinder is about 5% larger than that for a smooth one. Generally, the computations of a plume interacting with the inner surface of a cylinder allow us to conclude that the surface roughness has relatively small effect on flow fields and surface forces, and this effect is too small to be studied experimentally. The shorter cylinder computations show that the effect should be significant in a 3D case of a plume interacting with a flat surface. This case is considered in the following section.
Interaction of Plume with a Plate: Numerical Modeling
Consider now the 3D interaction of a rarefied plume with a plate. The pressure flow field in the plane perpendicular to the plate surface and coming through the nozzle axis is given in Fig. 11 for a smooth plate and the stagnation pressure of 405 Pa. The interaction region between the plume and the plate is clearly seen, with the local pressure maximum located near the plate surface about 6 mm downstream from the nozzle exit plane. The pressure values in that region are over an order of magnitude larger than those at the corresponding location in the bottom half of the plume. There is significant backflow observed as the result of the plume-surface interaction. A strong backflow will result in a contribution of backflow molecules interacting with the plenum surface to the total force. This contribution increases the total force in x-direction. The flow does not change qualitatively when a plate with a triangular surface roughness is used (see Fig. 12 ). Quantitatively, however, the pressure maximum at the plate shifts about 1 mm downstream compared to the smooth surface case, and the maximum value increases by about 10%. The pressure is generally higher for the rough plate, since most of the plume molecules that collide with the surface are reflected backwards for that case. This is especially noticeable in the back flow region where the pressure for the rough surface case is about two times higher. Note that the mean free path of the gas near the plate is on the order of 1 cm, and is an order of magnitude larger that the roughness size.
In addition to the triangular groove roughness, a rectangular grove shape has also been examined. The pressure for the latter case is somewhat lower than for the triangular one, but is still higher than for the smooth surface, as shown in Fig. 13 .
The increase in the angle of the plate measured from the plume direction from 0 to 10 deg significantly weakens the plume-surface interaction, as shown in Fig. 14 . The pressure maximum is more than two times smaller for 10 deg than it was for 0, and the plate no longer has a noticeable effect on the flowfield in the immediate vicinity of the nozzle exit. The backflow pressure is also reduced and is only slightly higher than the corresponding pressure at the bottom half of the plume backflow. The effect of the plate surface roughness on the pressure field for 10 deg is similar to that for 0 deg, and is not shown here.
Consider now the effect of the plume roughness on surface forces. The distribution of the forces in X direction (shear force) and Y direction (pressure force) over a smooth plate is shown in Figs. 15 and 16 . Here, X direction coincides with the direction of the plume, and Y direction is perpendicular to the plate surface. The maximum in F x force of about 0.26 N is located close to the plate center, in the region where both molecular density and axial velocities are sufficiently large. The maximum in F y force is shifted a few millimeters to the nozzle exit plane, where the local gas pressure maximum is observed. The maximum F y is about two times larger than the corresponding maximum F x , primarily because the force from reflected molecules is finite for F y and zero for F x . Also, the axial velocity component of plume molecules in that region is somewhat larger than the radial one, with the incidence angle typically larger than 45 deg.
The next two figures, Figs. 17 and 18, present the corresponding force distributions for a rough surface of the plate (triangular roughness). It is clearly seen the discontinuous structure of the force distributions. The F x values are large on the sides of the grooves directed toward the nozzle (windside), with the maximum value almost three times larger than the corresponding maximum on a smooth plate. The lee sides of the grooves however are characterized by forces that act in the direction opposite to the plume direction, therefore reducing the large force from the wind sides. The maximum value of F x on a rough plate is close to that of F y . The wind-lee side structure of the surface is also clearly seen in F y , although the direction of the forces is the same for this case.
The forces on the plate F x and F y and on the plenum surface F b are presented in Table 3 for two roughness types and two angles of the plate. For the plate angle of 0 the magnitude of the forces on the plate is comparable to the plume thrust force F th , with F x and F y being about 25% and 30% of the thrust, respectively. Comparison of rough and smooth surfaces shows that the magnitude of F x is the smallest for the smooth plate and largest for a plate with the triangular roughness shape. The difference is about 20% for these cases. The force in Y direction practically does not depend on surface roughness.
Another important contributor to the total X-force F tot is the force on the plenum, primarily caused by molecules reflected on the plate. This force is significantly larger for rough plates, with the value for the triangular roughness type about 50% higher than that for the smooth plate. Since the force on the plenum is in the direction opposite to that on the plate, this 50% difference considerably reduces the effect of surface roughness on F t ot. The difference between F tot for a smooth and a rough plate with triangular grooves amounts to only about 3% of the total force. For the angle of 10 deg, this difference is only about 2.5%.
The comparison of contributions to the total force for a plume flow at P 0 = 155 Pa, interacting with smooth and rough surfaces, is given in Table 4 . As compared to P 0 = 405 Pa, all forces scale approximately with the stagnation pressure, and the conclusion made for the higher pressure case are applicable for P 0 = 155 Pa.
Interaction of Plume with a Plate: Experimental Study
Comparison of computed and measured total forces versus mass flow is presented in Fig.19 . Here, the lines that show numerical solution were created using the values of F tot listed in Tables 3 and 4 , that correspond to the chamber pressures of 155 and 405 Pa. The agreement between the experimental and computed force values is good, and the difference in all cases does not go beyond a few percent. The experimental and numerical forces practically coincide both for a smooth polished plate and a rough plate with triangular roughness. The values for a plate with rectangular grooves are closer to those for a smooth plate in DSMC, and to triangular grooved plate in the experiment, although the difference is rather small and may be attributed to one or several causes of experimental and numerical inaccuracies. There are several possible sources of experimental uncertainties in this work. First, there is always a finite background gas pressure in the chamber that increases with mass flow. The background gas may impact the mass flow measurements only for plenum pressures larger than 10 torr, although the force (momentum flux) measurements are affected to some extent at all plenum pressures. A previous study [13] indicated that the force can be effected by less than 0.5% at the experimental conditions of this work. A stand calibration of deflection angle vs applied force has been approximated to be within 3%. For a given applied force to the stand, the standard deviation of the stand's deflection was less than 1%; however, the accuracy of the calibration system must also be taken into account. Finally, there was some error associated with the manufacturing of the nozzle. The nozzle throat diameter is known only with an accuracy of 1%, and the nozzle surfaces are significantly rough. As was mentioned above, the effect of these last issues are minor for the presented results. In addition to the experimental uncertainties, there are a number of numerical uncertainties. Grid resolution, the maximum number of simulated molecules, effects of the subsonic boundary conditions, and the gas-gas collision models all account for a numerical uncertainty estimated to be on the order of 1 to 2%.
The experimental results for a wider range of mass flows that correspond to plenum pressures up to about 17 torr are shown in Fig. 20 . The addition of an engineering plate significantly reduces total force, up to 15%. The surface roughness effect is much smaller, and the effect of the roughness type is negligible. The small difference between rough and smooth surfaces is explained by the effect of the plume molecules colliding with the plenum, as discussed in the previous section.
Conclusions
Experimental and numerical modeling of a cold gas nozzle plume interacting with engineering surfaces is performed for nitrogen propellant in the range of nozzle throat based Reynolds numbers from about 2 to 600. A nano-Newton resolution force balance was used in the experimental study to measure thrust force of a plume expanding from a conical nozzle, and then the total force resulted from the interaction of the plume with aluminum plates attached to the same force balance. Smooth and rough plates were examined, with surface roughness introduced through a set of equally spaced 0.5 mm wide grooves perpendicular to the flow direction.
The DSMC method was used in the numerical study, with the setup corresponding to that in the experiment. The calculated force vs mass flow was found to be in a good agreement with the corresponding experimental data. The experiments and computations showed that there is significant thrust degradation due to the plume surface interaction, with the total decrease being up to 15%. The force on the plate increases in magnitude by about 20% for the rough surface as compared to the smooth one. However, the impact of the surface roughness on total force is small, which is attributed primarily to the effect of plume molecules reflected from the plate backwards to the plenum surface. The number of such molecules is significantly larger for rough surfaces.
The impact of the surface roughness inside the nozzle has been studied numerically. It was shown that the surface roughness decreases both mass flow and thrust by over 10% for Reynolds numbers on the order of one. The effect decreases with the increase of the Reynolds number, and is negligible at Re > 100. The specific impulse is not affected by the surface roughness even at small Reynolds numbers. 
